Abstract: We present the fabrication and characterization of a guided-mode resonancebased high reflector operating in transverse-electric (TE) polarization. This reflector consists of a single periodic layer of amorphous silicon on a glass substrate. It is fabricated by silicon sputtering, holographic interference patterning, and dry etching. The measured reflectance exceeds 90% over a $130-nm wavelength range with maximum reflectance of $98% in a band centered at a $1560-nm wavelength. The experimental spectrum approximates the theoretical spectral response of this fundamental minimal device.
Introduction
Most optical mirrors are made with metal films and dielectric multi-layer stacks [1] , [2] . Metal mirrors have absorption loss issues, and dielectric stacks require many layers with precise control of layer thicknesses and refractive indices. The arsenal of mirror technology may be enhanced by the addition of patterned periodic layers as basic building blocks. In particular, guided-mode resonant (GMR), or leaky-mode resonant (LMR), films are relevant in this connection as the resonance response is naturally reflective [3] . Thus, filters, mirrors, polarizers, and other devices based on this fundamental element are of interest on account of the unique optical properties not attainable with simple film stacks [3] - [10] . Beneficial device prototypes using low-loss materials with minimal layer count have been designed and fabricated. Nonetheless, to achieve design performance in fabricated devices, precise parametric control is a significant issue for GMR devices.
To place thin-film mirrors and GMR mirrors in context, we provide computed examples of each class in Figs. 1 and 2 . The calculations, as well as other calculations presented in this paper, are performed with a computer code based on the rigorous coupled-wave analysis (RCWA) technique [11] . These results show that single-layer GMR mirrors have potential to furnish high reflectance functionality comparable with multi-layer stacks. In each case shown, there is high reflectance across wide bands; however, the GMR response polarizes, whereas the thin-film stack is insensitive to polarization at normal incidence. Addressing wideband GMR reflectors in the telecomm band, Ding and Magnusson reported the design of reflectors consisting of a single periodic layer of silicon (Si) on a silica ðSiO 2 Þ substrate. Their reflectors reach an $600-nm high-reflectance bandwidth for both transverse-electric (TE: electric vector normal to the plane of incidence) and transverse-magnetic (TM) polarized waves [8] . This design has 1-D periodicity and a four-part grating profile. Using a periodic silicon layer with a silica sublayer on a silicon substrate, Mateus et al. demonstrated an experimental reflector having a high reflection spectrum of $500 nm bandwidth [9] . In this case, with the resonant layer placed close to a high-index substrate, the interaction with the substrate tends to extend the spectral width [12] .
Indicating recent interest in this subject, Ricciardi et al. provided design and experimental results on high-reflectance mirrors operating in the 700-1000-nm wavelength range [13] . Their mirrors consisted of a silicon grating on a silicon substrate spaced by a silica layer and showed a high reflectance (9 90%) bandwidth of 160 nm for TM polarization for a 1-D periodic layer. For a 2-D patterned device, the experimental spectrum extended across 100 nm. These results were obtained even though silicon has high absorption in this wavelength range. Wu et al. reported a grating reflector with a six-part grating profile also on a silicon-on-insulator (SOI) wafer [14] . Their reflector showed experimental reflectance R 9 97% over a 240-nm range between 1560 nm and 1800 nm for TE polarization. Using amorphous germanium on a fused-silica substrate, Kontio et al. fabricated a 1-D GMR mirror operating in TM polarization with R 9 95% in the 2245-nm to 3080-nm wavelength range [15] . Brü ckner et al. demonstrated a monolithic guided-mode resonance high-reflectivity mirror, in which the resonance is enabled by an effective low-index-medium periodic layer placed between the resonant layer and the substrate [16] . This single-piece Si device showed R 9 91.5% for a band of $ 0:40 m ð$ 1:21 À 1:61 mÞ for TM polarization.
Magnusson and Shokooh-Saremi explained the physical basis for wideband GMR reflectors considering the sparsest possible device, namely a single modulated silicon layer on a low-index (silica) substrate [12] . Using numerical optimization to design resonant mirrors with a two-part grating profile, i.e., a high reflection (9 99%) bandwidth of $520 nm and $125 nm for TM and TE polarizations, respectively, was shown as the theoretical limit for this medium and design [12] .
Figs. 2 and 3 depict the configuration of their devices and the concomitant spectral response. A qualitative explanation for the smaller TE-reflector bandwidth has been suggested [17] . The objective of this paper is to test experimentally the conclusion of [12] that the TE bandwidth for a simplest silicon device is $125 nm. Thus, the fabrication and characterization of a TE-polarized GMR high reflector, which is shown in Fig. 3 , will be described, and computed and measured results will be compared. We emphasize that a silicon substrate is not used in these experiments.
Fabrication
The fabrication process of a GMR high reflector for TE polarization is shown in Fig. 4 . First, a layer ($228 nm thick) of amorphous silicon (a-Si) is deposited on a microscope glass slide with a sputtering system. The thickness of the deposited thin film is measured using a spectroscopic Fig. 3 . Configuration of a GMR high reflector for TE polarization and its spectral response for the zeroth reflected and transmitted orders at normal incidence. Grating refractive indices are n H ¼ 3:48 and n L ¼ 1:00. This reflector has a high reflection (R 9 99%) bandwidth of $125 nm. ellipsometer. A $400-nm-thick positive photoresist layer is spin-coated on the a-Si layer, followed by a soft bake on a hot plate at 110 C for 90 s. A grating with period Ã ¼ 986 nm is recorded with a holographic interferometer using a deep ultraviolet (UV) laser (Coherent Inc., Azure, ¼ 266 nm) to create a surface relief structure in the photoresist layer. Compared with electron-beam lithography commonly used in patterning, holographic lithography has a relaxed size limitation ($10 cm 2 can be recorded easily with our setup), and it takes less than 1 min of laser beam exposure time to record typical patterns. After UV laser exposure, the device is processed with a post-exposure bake on a hot plate at 110 C for 90 s and then developed at room temperature for 60 s. Next, the device is rinsed with deionized water for 60 s and dried with nitrogen gas. After a short descum (in O 2 plasma) to remove any residual photoresist layer and improve the profile of the structure, the a-Si layer is etched with a sulfur-hexafluoride/oxygen ðSF 6 =O 2 Þ gas mixture performed by a reactive ion etching (RIE) system that transfers the photoresist pattern into the a-Si layer. By using a recipe pertinent to photoresist/a-Si layers, a selectivity of $1 : 1 is obtained, which implies that the photoresist layer can function as a mask. Fig. 5 shows a scanning electron microscope (SEM; JEOL 7600F) image after etching the photoresist/a-Si layer combination. As shown in this figure, part of the photoresist layer remains on the etched a-Si grating. After removing this photoresist residual layer with O 2 gas, the single-layer Si waveguide grating structure is obtained.
Characterization
To characterize the fabricated device in more detail, an atomic force microscope (AFM; Park Systems XE-70) is employed. The AFM images and profiles permit comparison of the parameters of the fabricated device with the original design. Fig. 6 shows AFM images of the photoresist grating structure. These images show that the grating period is 986 nm, the thickness of the photoresist grating is 386 nm, and the width of the photoresist is 425 nm. Therefore, the experimental fill factor is 0.43, which is bigger than the fill factor of the device design. The Si etch applied in this paper is not perfectly anisotropic; thus, there is some sidewall etching reducing the width of the grating pattern. Fig. 7 shows AFM images of the fabricated a-Si grating structure. These images show that the grating period is 986 nm, the thickness of the a-Si grating is 232 nm, and the width of the a-Si layer is 329 nm. Therefore, the experimental fill factor is $0.33, which is the design fill factor.
The experimental setup for measuring the spectral response is shown in Fig. 8 . A supercontinuum white light source (Koheras A/S, SuperK Compact) illuminates a GMR device at normal incidence ð in ¼ 0 Þ. A polarizer is used to choose the TE polarization with a beam splitter directing the reflected beam from the GMR device at normal incidence into an optical spectrum analyzer (OSA). The spectra of the reflected beam and the transmitted beam are measured with an optical spectrum analyzer (Yokogawa, AQ6375) for a wavelength range of 1400 nm-1700 nm in 0.2-nm steps. A highreflectivity reflectance standard (Ocean Optics, STAN-SSH-NIST) is used to obtain the reference beam and correct the measured reflectance of the GMR device. Fig. 9 shows the theoretical and experimental spectral response of the GMR reflector for TE polarization. The device parameters for the theoretical calculation are extracted from the AFM images. On account of surface roughness and other slight process imperfections, the fabricated device does not show a continuous reflectance R 9 99% across a wide band like the theoretical model in Fig. 3 ; instead, it shows a single maximum peak of R $ 99% at $ 1560 nm. However, it has R 9 97% for a band of $50 nm ($1518-1567 nm). A high reflectance with R 9 90% is found for over a $130-nm wavelength range ($1503-1633 nm). This device also shows low transmittance (G 5%) for TE polarization over a $110-nm wavelength range ($1517-1625 nm) and minimum transmittance of 1.0% at $1560 nm. Fig. 7 . AFM image and profile of the fabricated a-Si grating structure. A cross-section image shows that the grating period is 986 nm, the thickness of the a-Si grating is 233 nm, and the width of the a-Si grating ridge is 329 nm. Note that the width of the grating ridge decreases during the etching. Fig. 8 . Schematic of the experimental setup used to measure the spectral response of the reflector. Fig. 10 shows SEM images of the fabricated GMR high reflector. We take these images after completing the spectral measurements in Fig. 8 and after depositing a very thin gold film on the GMR reflector to increase the clarity of the SEM images. By increasing the magnification of the SEM (in this case Â30 000), we confirm the grating period and the fill factor. The SEM images show that the grating period is 984 nm and that the high-refractive-index part of the period is $325 nm. 
Conclusion
In summary, we conduct fabrication and characterization of a GMR high reflector for TE polarization. This GMR reflector is fabricated using a holographic interferometer, which provides a relaxed size limitation and short patterning time relative to electron-beam lithography. The fabricated device has high reflectance (9 90%) for TE polarization over a $130-nm wavelength range ($1503-1633 nm) and a maximum reflectance of 98.4% at $1560 nm. Surface roughness and slight process imperfections diminish the reflectance; thus, the fabricated device does not show a continuous reflectance band with R 9 99%, as in the theoretical calculation. However, measured spectra for both reflectance and transmittance show that there is fair agreement between the calculation and the experiment. Even though the fabricated GMR reflector shows a narrower high reflectance bandwidth than that of the original design, a working reflector is realized with a single, patterned silicon layer on a glass substrate.
